Cocaine sensitization is produced by repeated exposure to the drug and is thought to reflect neuroadaptations that contribute to addiction. Here, we identify the Ca 2ϩ /calmodulin-stimulated adenylyl cyclases, type 1 (AC1) and type 8 (AC8), as novel regulators of this behavioral plasticity. We show that, whereas AC1 and AC8 single knock-out mice (AC1 Ϫ/Ϫ and AC8 Ϫ/Ϫ ) exhibit Ca 2ϩ -stimulated adenylyl cyclase activity in striatal membrane fractions, AC1/8 double-knock-out (DKO) mice do not. Furthermore, DKO mice are acutely supersensitive to low doses of cocaine and fail to display locomotor sensitization after chronic cocaine treatment. Because of the known role for the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase signaling pathway in cocaine-induced behavioral plasticity and its coupling to calcium-stimulated cAMP signaling in the hippocampus, we measured phosphorylated ERK (pERK) levels in the striatum. Under basal conditions, pERK is upregulated in choline acetyltransferase-positive interneurons in DKO mice relative to wild-type (WT) controls. After acute cocaine treatment, pERK signaling is significantly suppressed in medium spiny neurons (MSNs) of DKO mice relative to WT mice. In addition to the lack of striatal ERK activation by acute cocaine, signaling machinery downstream of ERK is uncoupled in DKO mice. We demonstrate that AC1 and AC8 are necessary for the phosphorylation of mitogen and stress-activated kinase-1 (pMSK1) at Ser376 and Thr581 and cAMP response element-binding protein (pCREB) at Ser133 after acute cocaine treatment. Our results demonstrate that the Ca 2ϩ -stimulated adenylyl cyclases regulate long-lasting cocaine-induced behavioral plasticity via activation of the ERK/MSK1/CREB signaling pathway in striatonigral MSNs.
Introduction
Chronic exposure to drugs of abuse causes molecular and cellular neuroadaptations that ultimately lead to addiction. An attractive model for this process is behavioral sensitization, the progressive and persistent enhancement of behavioral responses to a drug after repeated, intermittent exposure Berridge, 1993, 2001) . Importantly, behavioral sensitization to psychostimulants appears to be accompanied by enhancement of the motivational and rewarding effects of these drugs, because cocaine-sensitized animals acquire cocaine self-administration more rapidly and at lower doses (Horger et al., 1990; Di Ciano, 2008; Zhang and Kosten, 2007) . Sensitization during the early stages of drug-taking may be a critical determinant of long-term self-administration patterns (Morgan et al., 2006; Roberts et al., 2007) .
Numerous neural mechanisms for psychostimulant sensitization have been proposed. Early research focused on the observation that sensitization enhances dopaminergic transmission from the midbrain ventral tegmental area to the striatum (Woolverton and Johnson, 1992) . However, locomotor sensitization has also been reported in the absence of increased striatal dopamine release (Segal and Kuczenski, 1992; Kalivas and Duffy, 1993; Heidbreder et al., 1996) , suggesting a postsynaptic component. Potential postsynaptic mechanisms include enhanced AMPA receptormediated neurotransmission (Boudreau and Wolf, 2005; Boudreau et al., 2007; Kourrich et al., 2007) , upregulation of the extracellular signal-regulated kinase (ERK)/MSK1/cAMP response element-binding protein (CREB) signaling pathway (Brami-Cherrier et al., 2005; Ferguson et al., 2006; Lu et al., 2006) , and upregulation of the cAMP/protein kinase A (PKA)/ CREB pathway (Miserendino and Nestler, 1995; Schroeder et al., 2004; Dong et al., 2006) . Most of these mechanisms were first shown to be important to long-term memory formation in other brain regions, a parallel that strongly influences current theories of addiction (Kelley, 2004; Hyman et al., 2006; Kauer and Malenka, 2007) .
Although cAMP signaling pathways are known to be involved in cocaine-induced neural and behavioral plasticity, the identities of specific adenylyl cyclases (ACs) responsible for initiating these pathways remain unknown. There are 10 adenylyl cyclases, each with distinct regulatory properties, and nine of these enzymes are expressed in the brain. In this study, we used a genetic strategy to discern the contributions of the Ca 2ϩ -stimulated adenylyl cyclases, type 1 (AC1) and type 8 (AC8), in cocaine-dependent behavioral and neuronal plasticity. AC1 Ϫ/Ϫ] , AC8 Ϫ/Ϫ , and double knock-out (DKO) mice were tested for striatal Ca 2ϩ -stimulated cyclase activity, cocaine-induced locomotion, and cocainedependent activation of the ERK/MSK1/CREB signaling pathway. These experiments revealed that expression of AC1 or AC8 is critical for the development of psychomotor sensitization resulting from chronic cocaine exposure. We also discovered that acute cocaine treatment results in a robust coactivation of the ERK/MSK1/CREB pathway in medium spiny neurons (MSNs) in wild-type (WT) mice but not DKO animals. This transcriptional signaling pathway has been shown to be critical in regulating long-lasting cocaine-induced behavioral plasticity (Carlezon et al., 1998; Nestler, 2004; Brami-Cherrier et al., 2005; Valjent et al., 2006b) . These findings mirror those we have reported in the hippocampus after contextual fear conditioning and provide another common mechanism of drug-and learning-induced neuroplasticity (Sindreu et al., 2007) .
Materials and Methods
Animals. Male mice 2-4 months of age were used for all experiments.
AC1
Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO mice were generated as described previously (Wu et al., 1995; Wong et al., 1999) . All knock-out strains have been backcrossed into a C57BL/6 background for at least 10 generations.
Ϫ/Ϫ littermate control mice were used as WT controls for behavioral and DAB immunohistochemistry experiments. Commercial C57BL/6 mice were used in other experiments. All experiments were approved by the University of Washington animal care committee and performed in accordance with their guidelines.
Adenylyl cyclase assay. Mice were killed by cervical dislocation, and striata [includes caudate and nucleus accumbens (NAcc)] and hippocampi were dissected and homogenized in buffer containing 50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 1 mM EDTA, 0.5 mM DTT, and protease inhibitor mixture (Roche). Homogenate was centrifuged at 1000 ϫ g (4°C) for 5 min, and the supernatant was centrifuged at high speed (100,000 ϫ g, 4°C) for 1 h to pellet membrane fractions. Pellets were resuspended and homogenized in buffer. Adenylyl cyclase assays were performed with 95 l of membrane homogenate in a total volume of 250 l containing 39.2 mM Tris-HCl, pH 7.4, 1 mM ATP, 1.38 mM EDTA, 0.2 mM EGTA, 5.76 mM MgCl 2 , 0.1 mM DTT, protease inhibitor mixture, 1 mM ␤-mercaptoethanol, 0.2 mM IBMX, 0.1% BSA, and trace amounts of [␣- 32 P]ATP (ϳ5.0 ϫ 10 6 counts per reaction; PerkinElmer Life and Analytical Sciences). To monitor sample recovery, [
3 H]cAMP (10,000 counts per reaction; PerkinElmer Life and Analytical Sciences) and 2 mM cAMP were also included. When measuring calcium-stimulated activity, calmodulin (50 units per reaction; Sigma) was added with 300 M calcium (4 M free calcium, calculated using the Maxchelator algorithm; http://www.stanford.edu/ϳcpatton/maxc.html). Reactions were performed for 15 min at 30°C and stopped with 1.5% SDS and heating to 100°C for 2 min. Samples were cooled and loaded onto ionic (H ϩ ), analytical grade, 200 -400 mesh columns packed with Dowex AG 50W-X4 resin (Bio-Rad). Samples were eluted onto alumina columns (WN3 type; Sigma) with ddH 2 0. A final elution step from the alumina columns was performed with 0. Locomotor activity and sensitization. Locomotor activity was measured in a 25 ϫ 25 cm arena using TruScan 99/2.0 software (Coulbourn Instruments). Ambulatory distance is defined as the sum total of vector coordinate changes less stereotypic movement distance (comprising moves of Ͻ2.25 cm, followed by a return to the original coordinate). In acute cocaine experiments, mice were habituated to the arena for 1 h before injection (0, 5, 10, and 20 mg/kg, i.p.) and returned to the arena for 1 h after injection. Locomotor activity was measured in 5 min intervals. In cocaine sensitization experiments, mice received a 10 mg/kg acute cocaine injection as described above on day 1. On days 2-7, mice received a 20 mg/kg cocaine injection and were returned to their home cage. On day 8, after 48 h of withdrawal, mice received a 10 mg/kg challenge dose, and locomotor activity was measured as described above.
Immunoblotting. Mice were killed by cervical dislocation 15 min after treatment, and striatum was dissected out and homogenized with 50 strokes of a Kontes "B" pestle in 200 l of homogenization buffer [1% sodium deoxycholate, 10 mM HEPES, pH 7.5, 5 mM EDTA, pH 8.0, 10% glycerol, 1% NP-40, 1.5 mM MgCl 2 , 150 mM NaCl, 50 mM NaF, 20 mM Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO mice under baseline and calcium ϩ conditions. All values are means Ϯ SEM of three separate experiments. Individual experiments were performed on tissue pooled from three to five animals with samples analyzed in triplicate. Two-way ANOVA, **p Ͻ 0.001, ***p Ͻ 0.001 (Bonferroni's test). Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , 1:100 dilutions of phosphatase 1 and phosphatase 2 inhibitor mixtures (Sigma), and 1 tablet/10 ml Complete Mini EDTA-free protease inhibitor (Roche)]. Homogenates were spun at 14,000 ϫ g for 10 min, and supernatant was retained as the whole-cell soluble fraction. An equal amount of 4ϫ SDS-PAGE sample buffer was added to each sample, and samples were heated for 5 min at 90°C. Samples were loaded onto a 4 -20% Tris-HCl gel (Bio-Rad) for SDS-PAGE analysis. Protein was transferred on to polyvinylidene difluoride membranes (Immobilon-P; Millipore) and blocked with 5% BSA in 0.05% Tween 20 in PBS (PBSTw). Primary antibody used were Phospho-(Ser/ Thr) PKA Substrate Antibody at 1:2000 dilution (catalog #9621; Cell Signaling Technology) and MAB1501R mouse anti-actin monoclonal antibody at 1:10,000 (Millipore Bioscience Research Reagents) in 5% BSA in PBSTw overnight at 4°C. Blots were then incubated with alkaline phosphatase-conjugated secondary antibodies in 5% BSA in PBSTw for 2 h at room temperature (Sigma). Immunoblots were developed using CDP-Star (Tropix). When necessary, immunoblots were stripped in 25 mM glycine, pH 2, and 1% SDS for 30 min at room temperature. Bands were visualized with Eastman Kodak X-Omat Blue film and digitized with a scanner calibrated to measure optical density. NIH ImageJ was used to measure the integrated optical density of the bands. Integrated optical density of protein bands resulting from anti-phosphorylated PKA substrates (pPKA-s) antibody were normalized to the integrated optical density of corresponding actin bands.
DAB immunohistochemistry. Mice were killed by cervical dislocation, and cerebral hemispheres were immersion fixed in 50 ml of 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C for 24 h, with rocking and one change of fixative solution after 2 h. Striatal sections, spanning between ϩ1.7 and ϩ1.0 mm from bregma, were cut, stained, and analyzed for pERK cell counts as described previously (Sindreu et al., 2007) .
Immunofluorescent confocal microscopy. Mice were transcardially perfused with isotonic saline containing 50 mM NaF and 1 mM Na 3 VO 4 , followed by 4% formaldehyde solution. Dissected brains were cryoprotected in 30% sucrose, frozen in dry ice, and cut in a cryostat. Sections were sequentially pretreated (rinses between) with 0.5% NaBH 4 , 1% H 2 O 2 in 10% methanol, and 10% serum in 0.1 M Tris-HCl, pH 7.4, 0.9% NaCl, 0.1% Tween 20. Sections were first reacted with rabbit anti-pERK (1:10,000; Cell Signaling Technology) or anti-phospho-Ser 376 MSK1 (1:6000; Millipore) antibodies and visualized by deposition of cyanine-3-tyramide complexes according to the instructions of the manufacturer for tyramide signal amplification (PerkinElmer Life and Analytical Sciences). They were then rinsed, blocked again, and incubated in one (or two) of the following antibodies: mouse anti-striatal enriched phosphatase (STEP) (1:1000; Novus Biologicals), rabbit anti-DARPP32 (1:200), rabbit anti-phospho-Thr 581 MSK1 (1:300), and rabbit anti-phospho-CREB (1:100; clone 87G3), from Cell Signaling Technology; mouse anti-neuronal-specific nuclear protein (1:1000), rabbit anti-phospho-Ser 376 MSK1 (1:250), and rabbit anti-choline acetyltransferase (ChAT) (1;1000) from Millipore; and rabbit anti-dynorphin (1:500; Peninsula Labs). Second primary antibodies were detected with corresponding secondary antibodies conjugated to Alexa Fluor 488 or 647 (1:500). Sections were Hoescht counterstained and mounted in anti-fading medium (Gelmount). Absence of cross-reactivity between the first primary antibody and the second secondary antibody was confirmed in experiments in which the second primary antibody was omitted (data not shown).
Images were captured on a Leica SP1 confocal microscope and analyzed with MetaMorph software (Universal Imaging Corporation). Density filter, pinhole aperture, detector gain, and offset were initially set to obtain pixel densities within a linear range and were then kept constant for experimental comparisons. Signals were acquired using sequential line scanning. Z-series stacks (z-step size, 2 m) were collected as 512 ϫ 512 pixel images (average of four frames per image) with a 25ϫ objective. To estimate the percentage of activated neurons, Z-series stacks 8 -10 m high of the dorsomedial caudate-putamen were acquired from at least three sections per mouse. Analysis of average somatic intensity was performed at the midplane of every neuron based on the nuclear counterstaining. Because of basal levels of pCREB and pMSK1 T581 labeling in control groups, only those cells with signal intensities within the top 20% were considered immunopositive for these antibodies. Colocalization of immunosignals was confirmed in x, y, and z dimensions. Labeling intensity was represented on a gray scale of 0 to 255.
RNA extraction and reverse transcription-quantitative PCR. Striata were dissected from adult WT and AC1/AC8 double knock-out mice, and RNA was extracted using the Absolutely RNA kit (catalog #400800; Stratagene). RNA was treated with DNase I (catalog #EN0521; Fermentas), and total RNA was reverse transcribed using the TaqMan Gold RT-PCR kit per the instructions of the manufacturer (catalog #N808-0233; Applied Biosystems). TaqMan gene expression assays were obtained from Applied Biosystems. The AC1 primers amplified the region spanning exons 1-2 (catalog #Mm01187830_m1). AC8 was amplified in the region spanning exons 14 -15 (catalog #Mm01194290_m1). Glyceraldehyde-3-phosphate dehydrogenase was amplified and used as a within-sample normalizing control (catalog #Mm99999915_g1). Comparisons made between genotypes were analyzed using the standard curve method, in which all standard curves were constructed with six twofold dilutions. All standard curves had r 2 values of Ͼ0.990. Statistical analysis. Measures are expressed as mean Ϯ SEM. Data were analyzed by two-tailed t test and one-way or two-way ANOVA, as indicated, with post hoc pairwise comparisons performed using Tukey's hon- estly significant difference test or the Bonferroni's test as indicated. Significance was set at p Ͻ 0.05.
Results

Striatal Ca
2؉ -stimulated adenylyl cyclase activity in wild-type, AC1 Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO mice Striatal Ca 2ϩ -stimulated adenylyl cyclase activity has been demonstrated previously in rodent and human striatal membrane homogenates, but the individual contribution of AC1 and AC8 to this activity has not been reported (Gnegy et al., 1980; Treisman et al., 1985; Ahlijanian and Cooper, 1988; Tong et al., 2001) . We first confirmed the presence of AC1 and AC8 mRNA in the striatum by reverse transcription (RT)-quantitative PCR (qPCR) (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). We then measured the functional contribution of these enzymes to Ca 2ϩ -stimulated adenylyl cyclase activity in the striatum by performing adenylyl cyclase activity assays on WT, AC1 Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO mice. Ca 2ϩ -stimulated adenylyl cyclase activity increased 2.5-fold in striatal membrane fractions from WT mice obtained from Charles River Laboratories and a comparable 2.2-fold in wild-type AC1 Ϫ/Ϫ littermates (AC1 ϩ/ϩ ), which were used for subsequent behavioral studies (Fig. 1 A) . For comparison, Ca 2ϩ -stimulated adenylyl cyclase activity in hippocampal membranes increased 4.2-fold over basal activity ( Fig.  1 A, B) . Ca 2ϩ also significantly stimulated adenylyl cyclase activity 1.7-fold in AC1 Ϫ/Ϫ mice and 1.5-fold in AC8 Ϫ/Ϫ mice (Fig. 1C) . However, Ca 2ϩ -stimulated adenylyl cyclase activity in DKO mice was abolished in the hippocampus and striatum ( Fig. 1 B, C) .
Acute supersensitivity to cocaine in DKO mice
To determine whether Ca 2ϩ -stimulated adenylyl cyclases play a functional role in behavioral responses to cocaine, we tested three knock-out mouse lines: AC1 Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO. We first monitored acute locomotor responses by injecting animals with cocaine after 1 h of habituation to the testing chamber. AC1 and AC8 single knock-out animals demonstrated hyperactivity comparable with wild-type (AC1 ϩ/ϩ ) controls at a 10 mg/kg dose (n ϭ 10 -15 mice per group) (Fig. 2 A, B) . However, DKO mice ambulated significantly more than WT mice during the half hour after injection (n ϭ 9 -15 mice per group) at both the 5 and 10 mg/kg doses (Fig. 2C,D) . DKO mice displayed no difference in locomotor activity in response to saline or a higher dose of cocaine (Fig. 2 D) .
AC1 and AC8 are required for locomotor sensitization to cocaine
Because DKO mice have impaired hippocampus-dependent neural and behavioral plasticity (Wong et al., 1999) , we were interested in examining their cocaine-induced behavioral plasticity. Locomotor sensitization to cocaine occurs in response to repeated, spaced injections and is potentiated by context association but not dependent on it (Partridge and Schenk, 1999) . Because of the DKO animal's context-dependent memory deficits, we thought it important to choose a context-independent cocaine sensitization paradigm in which animals are sensitized in a context distinct from the testing chamber (Yao et al., 2004) . This protocol produced significant sensitization in WT (AC1 ϩ/ϩ ), AC1 Ϫ/Ϫ , and AC8 Ϫ/Ϫ mice but not DKO mice (n ϭ 10 -13 mice per group) (Fig. 3) . It is important to note that this lack of sensitization in DKOs was not attributable to a ceiling effect on cocaine-induced locomotion, because DKO mice given a 20 mg/kg acute dose (Fig. 2 D) ambulated significantly more than mice subjected to the sensitization protocol (n ϭ 13; two-tailed t test; p ϭ 0.011).
Altered phosphorylation of PKA substrates after cocaine treatment in DKO striatum
It has been shown that the upregulation of the PKA/cAMP signaling pathway modulates cocaine-dependent behavior, including enhancement of locomotion during the development of behavioral sensitization (Miserendino and Nestler, 1995; Schroeder et al., 2004; Dong et al., 2006) . Because DKO mice lack a potential source of cocaine-induced cAMP production, we hypothesized that levels of phosphorylated downstream targets of PKA would Figure 3 . Absence of locomotor sensitization in DKO mice after chronic cocaine treatment. A-D, Mice were tested on day 1 with a 10 mg/kg acute dose of cocaine. On days 2-6, they received 20 mg/kg intraperitoneal cocaine injections in their home cage. On day 8, they received a 10 mg/kg challenge dose of cocaine. Ambulatory distance traveled on days 1 and 8 is shown for WT(AC1 ϩ/ϩ ), AC1 Ϫ/Ϫ , AC8 Ϫ/Ϫ , and DKO mice. E, Summary data. WT, AC1 Ϫ/Ϫ , and AC8 Ϫ/Ϫ mice sensitize significantly to chronic cocaine, whereas DKO mice do not. n ϭ 10 -13 mice per group analyzed by two-way ANOVA, **p Ͻ 0.01 (Tukey's post hoc test).
be lower in these animals relative to WT controls after acute cocaine treatment.
To test this hypothesis, WT (Charles River Laboratories) and DKO mice were injected with either saline or cocaine (15 mg/kg) and killed 15 min later, and striatal tissue was processed for analysis of pPKA-s by Western blot. The anti-pPKA-s antibody used in this experiment recognizes proteins phosphorylated at a conserved PKA phosphorylation motif. Its ability to specifically monitor PKA activation in vivo has been confirmed previously (Sindreu et al., 2007) . The antibody detects a number of PKA substrates resulting in an array of protein bands by Western analysis (Fig. 4 A) . We chose bands representing three PKA substrates for analysis and reported as the average percentage increase in band intensity of the cocaine-treated samples compared with the saline-treated samples (Fig. 4 B, C) . In both WT and DKO mice, acute cocaine treatment increased the phosphorylation of PKA substrates compared with saline-treated animals. In two of the three bands analyzed, WT mice exhibited significantly higher levels of PKA activation than DKO mice. The increase in phospho-PKA substrate labeling in DKO animals after acute cocaine treatment reflects that calcium-stimulated adenylyl cyclases are not the only source of PKA activation in the striatum.
Basal and cocaine-stimulated pERK levels are altered in DKO striatum cAMP impinges on several downstream signal transduction pathways that play roles in short-and long-term neural plasticity. We chose to examine the ERK/ mitogen-activated protein kinase signaling pathway because it has been implicated in cocaine sensitization, and we have shown previously that DKO mice have ERK signaling deficits in the hippocampus associated with contextual fear conditioning (Sindreu et al., 2007) . As reported previously (Brami-Cherrier et al., 2005; Valjent et al., 2005) , acute cocaine injection increased pERK cell counts in WT (AC1 ϩ/ϩ ) animals in all three striatal subregions: the dorsal striatum, NAcc core, and NAcc shell (Fig. 5B-D) . DKO mice had elevated basal pERK cell counts in both the dorsal striatum and NAcc core compared with WT ( Fig. 5 B, C) . In addition, DKO mice only showed a significant increase in pERK cell counts after cocaine injection in one striatal subregion, the NAcc core (Fig. 5C ). These data indicate that the loss of Ca 2ϩ -stimulated adenylyl cyclase activity results in elevated baseline numbers of pERKpositive (pERK ϩ ) cells in the striatum and limited additional increase after acute cocaine injection. It has been shown previously that, after chronic cocaine treatment in WT mice, there is no, or little, increase in pERK ϩ cells compared with acute treatment BertranGonzalez et al., 2008) . We show that DKO mice chronically treated with cocaine do not have a significant increase in pERK ϩ cells compared with the saline-treated condition. Furthermore, after chronic treatment, WT mice maintain a significant increase in pERK ϩ cells compared with DKO mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
DKO mice exhibit a selective upregulation of pERK in nonMSNs under basal conditions
Previous research has shown that, after acute cocaine treatment, ERK is activated specifically in striatonigral, dopamine D 1 receptor-containing MSNs (Bertran-Gonzalez et al., 2008) . Also, activation of this kinase is necessary for the development of cocaine-induced locomotor sensitization (Ferguson et al., 2006; Lu et al., 2006; Valjent et al., 2006b) . Because DKO mice displayed hyperlocomotion in response to an acute cocaine injection and levels of pERK appear to be globally upregulated in these animals under control conditions, we hypothesized that this upregulation of pERK was occurring in MSNs and contributing to the enhanced locomotor activity after acute cocaine treatment.
To characterize the cells in which pERK is increased in control DKO mice, the striatum was double labeled for pERK and STEP (an ERK1/2 phosphatase and MSN marker) (Lombroso et al., 1993; Valjent et al., 2005) . Although basal pERK colocalized with STEP in ϳ80% cells in WT (Charles River Laboratories) mice, it was mostly found in cells devoid of STEP in DKO mice (ϳ90% cells) (Fig. 6 A) . Double labeling for pERK and DARPP32 (a dual-function protein kinase/phosphatase inhibitor and specific MSN marker) (Ouimet et al., 1984; Fienberg et al., 1998) confirmed the selective upregulation of basal pERK in non-MSNs (DARPP32-negative) of DKO mice ( p ϭ 0.006 between control WT and DKO; n ϭ 4 -5 mice per group) (Fig. 6C) . The shape and size of the neurons suggested that the increased basal ERK activation in DKO mice may occur, at least in part, in cholinergic interneurons located throughout the striatum. Indeed, significantly more ChAT ϩ neurons stained for pERK in DKO mice than in WT mice, under basal conditions (Fig. 6 B; p ϭ 0.009 ). This contrasts with the pERK increase observed after cocaine in WT mice, which is not only more widespread at its peak (10 -15 min after injection) but also specific to MSNs. Thus, basal ERK activation in DKO mice is different in nature and magnitude from the one normally brought about by cocaine. Furthermore, cocaine-induced ERK activation in DARPP32 ϩ cells was significantly reduced in DKO mice compared with WT mice ( p ϭ 0.017 between cocaine-treated groups; n ϭ 4 mice per group) (Fig. 6C) . Thus, contrary to our hypothesis, the locomotor "presensitization" seen in DKO mice (after acute cocaine treatment) is not the result of elevated pERK signaling in MSNs.
MSK1 and CREB activation is impaired in DKO mice and robustly coactivated in WT mice
We next asked whether activation of nuclear regulators of CREBdependent transcription was also impaired in DKO mice after cocaine injection. The ERK-dependent CREB kinase MSK1 becomes activated after dual phosphorylation at Ser376 and Thr581 (McCoy et al., 2005) . MSK1 phosphorylation at both sites increased after acute cocaine treatment (15 mg/kg, 15 min) in WT (Charles River Laboratories) striatum ( p Ͻ 0.01 for both sites, between saline-and cocaine-treated WT), but it was suppressed in DKO mice ( p Ͻ 0.02 for both sites, between cocaine-treated WT and DKO mice) (Fig. 7) . In keeping with this, cocaineinduced CREB phosphorylation was also impaired in DKO mice ( p ϭ 0.014, between cocaine-treated WT and DKO mice). Notably, the percentages of neurons showing ERK1/2, MSK1, and CREB phosphorylation were remarkably similar within each genotype, indicating a causal relationship.
To establish a firmer link between ERK activation and downstream MSK1 and CREB activation, we quantified the extent of their coactivation in single MSNs after cocaine. As shown in Figure 8, nuclear pERK, pMSK1 , and pCREB signals all colocalized with each other in Ͼ90% of neurons analyzed, which is clearly above the incidence of colocalization predicted by randomness. Interestingly, MSK1 phosphorylation at Ser376 was accompanied by a sharp intracellular redistribution, from a rim-like perinuclear localization to an intranuclear accumulation (Fig. 8) . In contrast, pThr581 signal appeared invariably nuclear regardless of changes in intensity, suggesting that it is a later phosphorylation event.
In summary, the above data indicate that AC1/8-dependent cAMP increases provide a major signal regulating the activation of the PKA/ERK/MSK1/CREB pathway by cocaine in the striatum. Additionally, the deletion of both AC1/AC8 blocks the development of cocaine-dependent locomotor sensitization.
Discussion
The cAMP signaling pathway has long been implicated in drug addiction, but the source of the cAMP signal has received very little attention. In this study, we show that the striatum expresses Ca 2ϩ -stimulated adenylyl cyclase activity, AC1/AC8 mRNA, and that genetic deletion of both AC1 and AC8 prevents the development of cocaine-induced psychomotor sensitization. To our knowledge, this is the first evidence of a role for specific adenylyl cyclases in cocaine sensitization. In addition to the behavioral phenotype of the DKO mice, these mice also exhibited deficits in the activation of signaling pathways typically induced by cocaine. In particular, activation of PKA and the ERK/MSK1/CREB transcriptional pathway, which are known to augment behavioral responses to cocaine, were significantly suppressed in DKO mice (Miserendino and Nestler, 1995; Carlezon et al., 1998; Nestler, 2004; Schroeder et al., 2004; Brami-Cherrier et al., 2005; Lu et al., 2006; Valjent et al., 2006b) .
The major goal of this research was to determine the role of calcium-stimulated adenylyl cyclases in cocaine-dependent locomotor sensitization. We initially show that Ca 2ϩ -stimulated adenylyl cyclase activity is expressed in the striatum. The presence of Ca 2ϩ -stimulated adenylyl cyclase activity in the striatum has been reported in rodent and human striatal tissue by various other laboratories (Gnegy et al., 1980; Treisman et al., 1985; Ahlijanian and Cooper, 1988; Tong et al., 2001 ). In line with recognition of functional AC1 and AC8 protein seen with the cyclase activity data, AC1 mRNA has been shown to be expressed in the striatum and to be enriched in the dorsal striatum compared with the ventral striatum (Yao et al., 2004; Olsen et al., 2008) . We show that mRNA for AC1 and AC8 is expressed in the striatum. On the basis of the adenylyl cyclase activity data in the wild-type mice and lack of activity in the DKO mice, as well as our RT-qPCR data, we feel that the presence of Ca 2ϩ -stimulated adenylyl cyclases in the striatum is indisputable. ( Brami-Cherrier et al., 2005; Ferguson et al., 2006; Lu et al., 2006) . We focused on the ERK/MSK1/CREB pathway because of our recent observations that its activation in the hippocampus after contextual fear conditioning is dependent on AC1 and AC8 (Sindreu et al., 2007) . We found that basal striatal pERK levels were elevated in DKO mice, although additional analysis revealed that this increase was not localized to MSNs. Investigation of the particular neuronal subtype expressing increased basal levels of pERK in DKO mice indicated that large aspiny cholinergic interneurons are accounting, at least in part, for this increase. We also observed that cocaine administration to DKO mice did not stimulate increases in pERK levels in MSNs compared with those observed in WT controls. This suppression of ERK activation could be responsible for the DKO animal's lack of locomotor sensitization to cocaine, because ERK activity is required for the development of cocaine sensitization (Ferguson et al., 2006; Valjent et al., 2006b) . We hypothesize that ERK activation likely leads to the initiation of a transcriptional program necessary for the development of this long-term behavioral response but is not required for the acute response. This hypothesis is further supported by our data showing that, in DKO mice, an acute cocaine injection results in increased locomotion with suppressed phosphorylation of ERK compared with WT mice. DKO mice also lack locomotor sensitization, a typical consequence of chronic cocaine treatment. However, it is unlikely that the level of ERK activity has any relationship with the acute locomotor response to cocaine. Previous work has shown that suppression of ERK phosphorylation, via intraperitoneal injections of the MEK inhibitor SL327 before an acute injection of cocaine, does not reduce locomotor activity in mice. Additionally, SL327 does not block the expression of a previously acquired psychomotor sensitization (Valjent et al., 2006b) . It has been reported recently that a critical factor in determining the magnitude of locomotion induced by an acute cocaine injection is the level of NMDA-type glutamate receptors present in the striatum (Ramsey et al., 2008) .
As postulated by Girault et al. (2007) , long-lasting cocainedependent behavior may be predicted by the status of ERK phosphorylation after acute cocaine exposure. Phosphorylated ERK, resulting from cocaine-induced glutamatergic and dopaminergic neurotransmission, may result in switching neurons into a plasticity permissive state (Girault et al., 2007) . This would allow for the cellular and behavioral alterations evident in WT mice that receive chronic cocaine treatment. We hypothesize that activation of calcium-stimulated cyclases are essential for ERK activation and the resulting long-term behavioral adaptations. Our data, showing the lack of cocaine-dependent ERK activation and lack of psychomotor sensitization in the DKO mice, strongly corroborates our hypothesis.
In addition to the suppressed activation of ERK in DKO mice after cocaine, activation of MSK1 and CREB was also diminished. MSK1 is a direct substrate of ERK and has been shown to be particularly essential for the development of cocaine sensitization (Brami-Cherrier et al., 2005) . Typically, ERK phosphorylates MSK1 at Thr581. Phosphorylation of this residue after acute cocaine treatment is reported here and has been shown by others (Brami-Cherrier et al., 2005; Bertran-Gonzalez et al., 2008) . We extended the analysis of in vivo MSK1 phosphorylation by showing that cocaine treatment leads to the intranuclear accumulation of MSK1 phosphorylated at Ser376, a residue required for MSK1 activation (McCoy et al., 2005) . Interestingly, under control conditions, pSer376 is retained in a distinct perinuclear distribution pattern in MSNs. However, after cocaine treatment, pSer376 dramatically shifts to a primarily intranuclear localization. In this condition, MSK1 phosphorylated at Ser376 colocalizes in ϳ90% of activated neurons with MSK1 phosphorylated at Thr581. This interesting phenomenon indicates that phosphorylation of MSK1 at both of these essential sites is required for nuclear accumulation, likely allowing MSK1 to phosphorylate CREB. MSK1 has been shown to be the major kinase for the transcription factor CREB after context-dependent learning and cocaine exposure (Brami-Cherrier et al., 2005; Sindreu et al., 2007) . In addition to our finding that ϳ90% of neurons displaying activation of pERK colocalize with nuclear pMSK1 at Ser376, ϳ90% of neurons exhibiting nuclear pMSK1 at Ser376 colocalize with nuclear pCREB. Upregulation of this signaling cascade in the same neurons supports the idea that there is a causal relationship between the activation of these signaling molecules after cocaine treatment. Because DKO lack MSK1 activation, it is not surprising that CREB phosphorylation is attenuated in DKO mice after cocaine treatment. The data presented here support the prevailing view that the ERK/MSK1/CREB transcriptional pathway is critical to neuronal adaptations leading to cocaine-induced behavioral plasticity. AC1 and AC8 appear to be indispensable for activation of this pathway in the striatum after cocaine, mirroring our observations in the hippocampus after the acquisition of contextual fear memory.
Drug addiction has been referred to as a disease of learning and memory (Hyman, 2005) . Addicts form such strong associations between drug-related cues and reward that they are unable to break them despite negative consequences. This comparison has been strengthened by copious research identifying common properties and molecular mechanisms of drug-induced and associative learning-induced neural plasticity (Kelley, 2004; Hyman et al., 2006; Kauer and Malenka, 2007) . Cocaine sensitization is no exception and shares several features with long-term hippocampus-dependent fear memory: persistence (Kalivas and Duffy, 1993; Belin et al., 2007) , dependence on protein synthesis (Valjent et al., 2006a) , dependence on the ERK signaling pathway (Brami-Cherrier et al., 2005; Valjent et al., 2006b) , and involvement of the cAMP/PKA/CREB signaling pathway (Gelowitz and Berger, 2001; Nestler, 2001) . Based on our current study, we can add dependence on Ca 2ϩ -stimulated adenylyl cyclases to this list. The functional relevance of cocaine sensitization to addiction remains a subject of debate. Two recent studies dissociate locomotor sensitization from addictive behavior in rats as measured by drug-primed reinstatement of self-administration after withdrawal (Ahmed and Cador, 2006; Knackstedt and Kalivas, 2007) , whereas two others report that cocaine-sensitized rats selfadministered more drug and acquired the behavior at lower doses Ser376 immunosignals (first row), pMSK1
Ser376 and pMSK1 Thr581 immunosignals (second row; arrows illustrate low pMSK1 Thr581 levels in neurons lacking nuclear pMSK1 Ser376 ), and pMSK1
Ser376 and pCREB immunosignals (third row; arrows illustrate low pCREB levels in neurons lacking nuclear pMSK1). Bar graphs summarize the observed (Ob) percentage of colocalization versus colocalization predicted by randomness (Rd) for each pair of antibodies (the latter estimated by multiplying the individual percentages of immunopositive MSNs after cocaine). Between 150 and 200 neurons from four mice were sampled per staining group. Two-tailed t test: p Ͻ 0.000001 between random and observed values for all groups. Scale bar, 40 m.
than saline-injected controls (Di Ciano, 2008; Zhang and Kosten, 2007) . We examined cocaine conditioned place preference (CPP) in DKO mice and found it to be normal (data not shown), which suggests that AC1 and AC8 may not be required for the rewarding properties of cocaine. The DKO animal is not unique in demonstrating dissociation between locomotor sensitization to cocaine and CPP; several other mouse models have deficits or enhancements in one but not the other (Dong et al., 2004; Hall et al., 2004; Brami-Cherrier et al., 2005) . Human data is scarce, but some small clinical studies have demonstrated sensitization to amphetamine in humans (Sax and Strakowski, 2001 ). Interestingly, a recent study reports higher levels of forskolin-stimulated adenylyl cyclase activity in nucleus accumbens tissue from deceased human smokers compared with former smokers and nonsmokers (Hope et al., 2007) , which raises the possibility that AC1 and AC8 play a role in human addiction.
In summary, our data demonstrate that the Ca 2ϩ -stimulated adenylyl cyclases AC1 and AC8 contribute to cocaine-induced behavioral plasticity. We show that their deletion results in supersensitivity to acute cocaine injection, without locomotor sensitization to chronic cocaine. Molecularly, loss of AC1 and AC8 leads to suppressed activation of the ERK/MSK1/CREB transcriptional pathway in response to cocaine, providing a possible mechanism for the observed behavioral phenotypes. This mirrors our previous findings in the hippocampus using contextual fear conditioning, providing another example of addictive drugs usurping the natural experience-dependent mechanisms of the brain for neural plasticity.
